As a step toward generating a fate map of identified neuron populations in the mammalian hindbrain, we assessed the contributions of individual rhombomeres to the vestibular nuclear complex, a major sensorimotor area that spans the entire rhombencephalon. Transgenic mice harboring either the lacZ or the enhanced green fluorescent protein reporter genes under the transcriptional control of rhombomere-specific Hoxa2 enhancer elements were used to visualize rhombomere-derived domains. We labeled functionally identifiable vestibular projection neuron groups retrogradely with conjugated dextran-amines at successive embryonic stages and obtained developmental fate maps through direct comparison with the rhombomere-derived domains in the same embryos. The fate maps show that each vestibular neuron group derives from a unique rostrocaudal domain that is relatively stable developmentally, suggesting that anteroposterior migration is not a major contributor to the rostrocaudal patterning of the vestibular system. Most of the groups are multisegmental in origin, and each rhombomere is fated to give rise to two or more vestibular projection neuron types, in a complex pattern that is not segmentally iterated. Comparison with studies in the chicken embryo shows that the rostrocaudal patterning of identified vestibular projection neuron groups is generally well conserved between avians and mammalians but that significant speciesspecific differences exist in the rostrocaudal limits of particular groups. This mammalian hindbrain fate map can be used as the basis for targeting genetic manipulation to specific subpopulations of vestibular projection neurons.
Introduction
Understanding the molecular and cellular interactions that underlie brain development requires a thorough knowledge of the origins and ultimate destinations of the various neuron types within any brain region. One of the mainstay approaches to assessing neuronal origin is fate mapping (Stern and Fraser, 2001 ). In vertebrates, fate mapping was initially accomplished by applying indelible histological markers to specific regions of the neural plate and neural tube (Vogt, 1925) . Xenotypic transplantation led to a breakthrough in the ability to follow the progeny of specific, coherent progenitor populations in higher vertebrates and an explosion of information about the fate of neural anlage, especially in avian embryos (Le Douarin et al., 1975; Couly and Le Douarin, 1985; Balaban et al., 1988) . Modern techniques for marking single cells or small regions of the neural primordium use intracellular injection or electroporation of dyes or DNA constructs (Olofsson et al., 2003; Bonnot et al., 2005) . All of the above techniques, however, require relatively unhindered access to the developing neural primordium and therefore have been limited primarily to avian and anamniote vertebrate embryos. Their application to mammalian embryos poses considerable technical challenges (Inoue et al., 2000; Anderson et al., 2001; Wichterle et al., 2001; Nery et al., 2002) .
Recent genetic approaches have facilitated the study of neuronal origins in mammals. Single progenitors or clusters of progenitors can be labeled by genetically engineered retroviruses or germlinetransmitted genetic insertions. This has provided information on the number of progenitors giving rise to a given brain region and the types of neurons derived from single progenitors (Cepko, 1988; Sanes, 1989 Sanes, , 1994 Miyake et al., 1993; Baader et al., 1996; Goldman et al., 1997; Mathis et al., 1997; Mathis and Nicolas, 2000 , 2003 . As general fate-mapping tools, however, these particular techniques suffer from limitations in targeting (random progenitors are labeled) as well as in scope (few or scattered progenitors are labeled). An alternative approach that overcomes these limitations involves the knock-in of marker genes under the control of region-or cell type-specific promoters (Dymecki and Tomasiewicz, 1998; Zinyk et al., 1998; Stenman et al., 2003; Farago et al., 2006 and references therein) .
Here we use rhombomere-specific enhancer elements associated with the Hoxa2 gene to follow segmental fate in the mouse embryo hindbrain. We combine this with retrograde axonal tracing to create developmental fate maps of functionally identified neuron groups in a specific complex of sensorimotor nuclei, the vestibular nuclei. The vestibular nuclear complex spans all the rhombomeres and contains well characterized neuron populations identifiable by their axon trajectories and connectivity (Glover, 2003) . In the chicken embryo, xenotypic transplantation of quail rhombomeres in place of chicken rhombomeres has generated several hindbrain fate maps based on the cytoarchitectonic organization of nuclei or patterns of projection-specific neuron groups, including the vestibular complex (Marin and Puelles, 1995; Díaz et al., 1998; Cambronero and Puelles, 2000) . The present study provides a first step toward a more comprehensive fate map in the mouse, as well as comparative data on the patterning of the avian and mammalian hindbrains.
Materials and Methods
Generation of the r3/5::lacZ transgenic line. To construct this line, a floxed ␤Geo-SV40 poly(A) (loxP␤GeoloxP) cassette was put under the control of Hoxa2 genomic sequences driving lacZ expression specifically in rhombomere 3 (r3)-and r5-derived domains. In addition, the loxP␤GeoloxP transgene was followed by a cassette containing a mutated form of Hoxa2 (ENG/Hoxa2), an internal ribosomal entry site (IRES) sequence, and the EGFP cDNA (ENG/Hoxa2-IRES-EGFP). Under these conditions, the expression of the ENG/Hoxa2-IRES-EGFP cassette could be activated only after conditional Cre-mediated recombination, causing excision of the lacZexpressing cassette (data not shown). In contrast, in the absence of Cremediated excision, the ENG/Hoxa2-IRES-EGFP cassette was inactive (data not shown), and the lacZ expression from the loxP␤GeoloxP cassette could be used for the r3 and r5 tracing experiments.
Briefly, the primers ATATTCATGGTCGACTGAATCCCTGGAAAT-AGCTGAT and TCTTGAAGTGTCGACTTAGTAATTCAGATGCTG-TAGG (restriction enzyme sites are underlined) were used to PCR amplify the second exon of mouse Hoxa2, using the Pfu DNA polymerase (Stratagene, La Jolla, CA). The amplified fragment was digested with SalI and subcloned in-frame to the C terminus of the Drosophila Engrailed (ENG) repressor domain into the XhoI site of the pCS2-ENG-N vector (a kind gift from Dr. D. Kessler, University of Pennsylvania, Philadelphia, PA), generating the pCS2-ENG/Hoxa2 vector. A BstxI/XhoI Kleenowfilled fragment containing the IRES, enhanced green fluorescent protein (EGFP) cDNA, and SV40 poly(A) signal from pIRES-EGFP (Clontech, Cambridge, UK) was inserted into the blunted XbaI site of pCS2-ENG/ Hoxa2, generating the ENG/Hoxa2-IRES-EGFP vector. The blunted ENG/Hoxa2-IRES-EGFP fragment was then subcloned downstream of the loxP␤GeoloxP plasmid (courtesy of Dr. Daniel Metzger, Centre National de la Recherche Scientifique/Inserm, Strasbourg, France). Finally, the entire loxP␤GeoloxP-ENG/Hoxa2-IRES-EGFP excised fragment was cloned into the EcoRI/NotI sites of a plasmid containing the SpeI-SacI 6.5 kb genomic fragment carrying regulatory sequences from the Hoxa2 locus (Rijli et al., 1993) . The resultant transgene construct was linearized and used for pronuclear injection into fertilized mouse oocytes. Five transgenic founders were identified as assessed by PCR amplification with lacZ-specific primers, three transmitted the transgene through the germ line, and one of the three transgenic lines expressed the ␤Geo reporter gene selectively in the r3-and r5-derived domains from 9.0 d postcoitum through birth, as assessed by X-gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) staining. For this reason, the newly generated transgenic line was referred to as r3/5::lacZ.
Embryo preparations, retrograde axonal tracing, and histological staining. In addition to the r3/5::lacZ line, the following transgenic mouse lines were used in this study: the r2::lacZ line , the Hoxa2 EGFP and Hoxa2 EGFP(lox-neo-lox) lines , and the r2::Cre line . Mice were mated as described previously (Auclair et al., 1999) , and embryonic staging was as defined by Kaufman (2002) . Pregnancy was allowed to continue until embryonic day 11.5 (E11.5) to E16.5, at which time the pregnant dams were quickly killed by cervical dislocation and the embryos were removed by cesarean section into ice-cold, oxygenated physiological saline (in mM: 137 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1 Na-phosphate, 5 HEPES, and 11 glucose, pH 7.4) and decapitated. Embryos of different genotypes were prepared for retrograde labeling of vestibular projection neurons. In the case of mice carrying the Hoxa2 EGFP knock-in allele, wild-type and Hoxa2
EGFPϩ/Ϫ heterozygote embryos were distinguished by EGFP fluorescence as seen under a fluorescence dissection microscope. In the case of mice carrying the lacZ transgenic allele, wild-type and transgenic embryos were distinguished by the presence of lacZ expression later in the procedure (see below). Both Hoxa2 EGFPϩ/Ϫ and lacZ transgenic embryos displayed a normal phenotype, indistinguishable from wild type.
The brains were dissected free and maintained in vitro for retrograde axonal labeling with 3000 molecular weight (MW) rhodamine dextranamine (RDA; Invitrogen, Eugene, OR) in the EGFP preparations, or 3000 MW biotin dextran-amine (BDA; Invitrogen) in the lacZ preparations, as described previously (Glover et al., 1986; Glover, 1995; Auclair et al., 1999) . Vestibulospinal groups were retrogradely labeled after a unilateral application of RDA or BDA to the ventral and ventrolateral funiculi of the first cervical spinal segment. Vestibulo-ocular groups were labeled retrogradely after a unilateral application of RDA or BDA to the medial longitudinal fascicle (MLF) and the underlying brachium conjunctivum just caudal to the trochlear nucleus (Fig. 1 ). Based on their axon trajectories and positions, the retrogradely labeled vestibular projection neurons could be assigned to specific vestibulospinal or vestibulo-ocular groups, named using the system introduced by Díaz et al. (1998) and slightly modified by . For purposes of orientation, the groups are shown in sagittal sections and in a dorsal view of the entire E16.5 brain in Figure 1 . In some preparations, the trigeminal and facial motor nuclei were retrogradely labeled with 3000 MW fluorescein dextran-amine (FDA; Invitrogen) to provide additional internal landmarks for delineating rhombomere-derived territories.
After up to 16 h of postoperative incubation, the tissue was fixed in buffered 4% paraformaldehyde overnight at 4°C (EGFP preparations) or in buffered 2% formaldehyde for 2 h at 4°C (lacZ preparations). EGFP preparations were then embedded in 3% agarose. lacZ preparations were processed for ␤-galactosidase as described by Mombaerts et al. (1996) , immersed in 0.2% hydrogen peroxide for 6 h to quench endogenous peroxidases, and embedded in 20% gelatin. All preparations were sectioned on a vibratome at 50 -100 m. EGFP expression and the RDAlabeled vestibular neurons were examined in the same sections using epifluorescence optics (DMX-RA microscope; Leica, Nussloch, Germany) and confocal microscopy (LSM 5 Pascal, Axioplan 2 microscope; Zeiss, Oberkochen, Germany). Sections from lacZ preparations were reacted to visualize the BDA using the standard Vectastain ABC kit (Vector Laboratories, Burlingame, CA) following the manufacturer's instructions, and the ␤-galactosidase label and the BDA-labeled vestibular neurons were examined in the same sections using conventional optics. Image processing (contrast enhancement and limited retouching only) was performed using Photoshop version 7.0 (Adobe Systems, San Jose, CA).
Results

General strategy and appearance of labeling in transgenic mouse lines
In these experiments, we used different mouse constructs to highlight different sets of rhombomere-derived domains. To trace r2-derived or r3-plus r5-derived domains, we used r2::lacZ and r3/r5::lacZ transgenic mice in which the ␤-galactosidase reporter was put under the control of specific Hoxa2 enhancer elements (see Materials and Methods). Specific rhombomere derivatives could be traced because of the persistence of ␤-galactosidase activity throughout development. In addition, we used EGFP as a tracer, taking advantage of two Hoxa2 knock-in alleles in which the Hoxa2 gene was replaced by an EGFP cassette, Hoxa2 EGFP or Hoxa2 EGFP(lox-neo-lox) . In Hoxa2 EGFP embryos at early stages, EGFP is expressed from the r1/r2 border to the spinal cord, faithfully mimicking the endogenous Hoxa2 expression pattern ). Here we have followed the EGFP expression pattern at later stages and used segmental variations in expression as landmarks of rhombomere-derived domains for our labeling studies (see below). In addition, in some experiments, we exploited a Hoxa2 EGFP(lox-neo-lox) allele that expresses EGFP only after Cremediated deletion of the selection marker cassette, thus allowing Cre-mediated in vivo tracing of specific subsets of Hoxa2-expressing cells . For instance, by mating mice bearing this allele with r2::Cre transgenic mice expressing Cre selectively in r2 , we obtained r2::Cre;Hoxa2 EGFP(lox-neo-lox) double heterozygotes that enabled us to trace r2-restricted Hoxa2-expressing derivatives with EGFP. The resultant expression pattern was indistinguishable from that of the r2::lacZ transgenic line ( Fig. 2 and data not shown) . Below, we provide detailed accounts of the reporter expression patterns obtained with the different mouse lines.
Hoxa2
EGFP At E11.5-E16.5, the EGFP expression pattern extended caudally from the rostral boundary of r2 (Fig. 2 A) , as reported previously at earlier stages . The EGFP expression levels varied along the rostrocaudal axis in relatively equal steps that we take operationally to define territories derived from successive rhombomeres. In the r2-derived domain, expression was low and non-uniform, with very few EGFPϩ cells in the most dorsal region, except for a few scattered along the dorsal part of the r1/r2 boundary. EGFP levels were highest and most uniform in the r3-derived domain, high in the r4-derived domain, and moderate from the r5-derived domain and down. This pattern allowed us to readily distinguish the territories derived from r1 through r5 and their boundaries in parasagittal sections . The r2/r3 boundary was particularly sharp, whereas the r3/r4 border was relatively patchy. Support for a correlation with rhombomere boundaries comes from four sources: (1) the domains were in register with those rhombomere boundaries still visible morphologically at these stages (see below); (2) in comparison, the domains matched well the r2-derived domain in the r2::lacZ and r2::Cre;Hoxa2 EGFP(lox-neo-lox) mice and the r3-and r5-derived domains in the r3/r5::lacZ mice (see below); (3) the exit zones of the trigeminal and facial motor nerves, recognizable by their paucity of EGFP expression, were located, respectively, in the ventral portions of r2-and r4-derived domains in accordance with previous descriptions (see below); and (4) in parasagittal sections, the domains appeared as wedges expanding from dorsal to ventral and canted according to the angle of the pontine flexure, entirely reminiscent of the rhombomeric domains seen in quail-chicken chimeric hindbrains of similar developmental maturity (Marin and Puelles, 1995; Díaz et al., 1998; Cambronero and Puelles, 2000) and as noted more recently in the mouse by Farago et al. (2006) . From r3 caudal, EGFP expression was strongest in the dorsal region, where the vast majority of the vestibular neurons resides, but faded in more ventral regions, in keeping with endogenous Hoxa2 expression (data not shown) . In the documentation of vestibular neuron group locations below, we only traced putative rhombomere boundaries where we could clearly see step changes in EGFP expression under the microscope. R2::Cre;Hoxa2 EGFP(lox-neo-lox) and R2::lacZ At E11.5-E16.5, the EGFP expression pattern in the r2::Cre;Hoxa2 EGFP(lox-neo-lox) mouse matched the r2-derived domain in the Hoxa2 EGFP mouse (Fig. 2 B, G,H ). Expression was uniformly strong throughout, with only a minor proportion of the cells within the domain not expressing detectable levels of the reporter genes. In the dorsal region where the vestibular neuron groups reside, the r1/r2 boundary was sharp, but the r2/r3 boundary was less sharp, and also less sharp than the r2/r3 boundary in the Hoxa2 EGFP mouse (Fig. 2 D R3/r5::lacZ The r3/r5::lacZ mouse was only used at E16.5. The ␤-galactosidase expression pattern at this stage highlighted the r3-and r5-derived domains ( Fig. 2 J, L). These domains were labeled in their full mediolateral and dorsoventral extents, with especially strong labeling in the dorsolateral regions where most of the vestibular complex lies. Labeling was weaker in more ventral and central regions of the hindbrain. In horizontal sections of preparations in which the hindbrain was straightened along the rostrocaudal axis, each rhombomeric domain appeared as an oblique stripe of similar mediolateral width (Fig. 3) , and in parasagittal sections, they appeared as wedges as described above.
Migratory streams
As in the chicken embryo (Marin and Puelles, 1995) , longitudinally oriented streams of cells could be seen issuing from labeled rhombomeric domains into adjacent domains at specific sites. In the r2::Cre;Hoxa2 EGFP(lox-neo-lox) and r2::lacZ mice, a few scattered EGFPϩ or lacZϩ cells, respectively, could be seen in the ventral regions of r1 and r3 (Fig. 2 K, KЈ, inset; and data not shown). In the r3/5::lacZ mice, a large stream could be seen in the ventromedial area between r3 and r5 just dorsal to the pontine nuclei (Figs. 2 L, 3E ). In addition, more compact streams extended both rostrally and caudally from r3 and r5 in association with white matter tracts in the dorsolateral region (Fig. 3) . None of these streams of cells were associated with the vestibular neuron groups.
General appearance of retrograde labeling of vestibular neuron groups
Depending on the developmental stage, the BDA and RDA applications labeled six easily identifiable groups of vestibular projection neurons and their axons and an additional specific population of more scattered vestibular projection neurons, as well as other neurons and axons that project through the same application sites (e.g., reticulospinal neurons and raphe neurons) (Figs. 3-8 ) (see below and data not shown). Based on their locations and axon trajectories, the six vestibular neuron groups could be identified as direct counterparts of vestibular projection neuron groups originally characterized in the chicken embryo Petursdottir, 1988, 1991; . On the basis of anterograde labeling, neurotransmitter profiling, and optical recording of functional connectivity in the chicken embryo, these vestibular neuron groups are believed to have specific functional roles in the context of vestibulo-ocular and vestibulospinal reflexes (Glover, 2003 ; J. C. Glover, H. Mochida, Y. Momose-Sato, and K. Sato, unpublished results). Their names reflect either a combination of projection and rostrocaudal position, in the case of the vestibulo-ocular groups, or the axon tract of projection, in the case of the vestibulospinal groups. The vestibulo-ocular groups identified in the mouse embryo were the ipsilateral rostral vestibulo-ocular (iR-VO) group and the contralateral rostral vestibulo-ocular (cR-VO) and contralateral caudal vestibulo-ocular (cC-VO) groups. The vestibulospinal groups were the lateral vestibulospinal tract (LVST) group and the ipsilateral medial vestibulospi- EGFP(lox-neo-lox) reporter mice in parasagittal sections at E12.5. Note that brightness and contrast may vary from panel to panel in C-H to highlight the domain with the highest expression. I-L, Schematic summaries and images of ␤-galactosidase expression domains in the r2::lacZ and r3/r5::lacZ reporter mice seen in parasagittal vibratome sections at E16.5 (the only stage at which these mice were used). Note longitudinal streams of migrating cells in the ventral region extending from r2 into r1 and r3 in the r2::lacZ mouse (K, inset, arrows) and between r3 and r5 in the r3/r5::lacZ mouse (arrow). Examples of expression boundaries (and additional migratory streams in more dorsal regions) in the r3/r5::lacZ mouse can also be seen in horizontal sections in nal tract (iMVST) and contralateral medial vestibulospinal tract (cMVST) groups.
Although the labeled groups were very similar to those in the chicken embryo, there was one striking difference. In the chicken embryo, a seventh group, the ipsilateral caudal vestibulo-ocular (iC-VO) group, can be recognized easily from an early stage. It is located caudal to the iR-VO group and the LVST group and contains numerous densely packed neurons (Petursdottir, 1990, Glover and Petursdottir 1991) . In the mouse, scattered neurons could be seen in this location but were scarce from an early stage and rarely observed at E16.5. Thus, although we document the domainoftheseiC-VOneuronsbelow,wedonot feel that they constitute a group in the mouse.
Two of the vestibular projection neuron groups, the medially projecting vestibulospinal groups (iMVST and cMVST), could not be identified unambiguously before E16.5. This probably reflects a later development of their axon projections, as is the case in the chicken embryo (Glover and Petursdottir, 1991) .
Group-by-group fate mapping
In assessing the relationship of each vestibular neuron group to the rhombomerederived domains, we initially examined the groups at E16.5 in the r2::lacZ and the r3/r5::lacZ mice (Fig. 3) . This was done to allow a direct comparison with our previously published material obtained in chicken embryos at a developmental stage (day 11) roughly equivalent to E16.5 in the mouse. Based on the findings obtained at E16.5, we then examined the same groups at earlier stages (E11.5-E14.5) in the Hoxa2 EGFP and the r2::Cre;Hoxa2 EGFP(lox-neo-lox) mice (Figs.  4-8) . In some cases, neuron groups and expression domains were visible in wholemount preparations (Fig. 4) , but a complete analysis of spatial relationships was always performed in sections using confocal microscopy (Figs. 5-8 ).
Vestibulo-ocular groups
The cR-VO group was chiefly localized in the r1-derived domain with very few cells in the r2-derived domain (Figs. 3-5) . At the earliest stages (E11.5, E12.5) the rostral limit lay within r1, and the caudal limit had a varying relationship to the r1/r2 boundary, depending on the mediolateral level. Medially, the caudal limit lay close to the r1/r2 boundary, with a few labeled neurons located in the very most rostral rim of r2. At progressively more lateral levels, the caudal boundary shifted progressively more rostral. With subsequent development, the entire cR-VO group gradually attained a more rostral, dorsal, and lateral position as the cerebellum and cerebellar peduncles grew and expanded. As a consequence, by E16.5, the cR-VO group was located in the presumptive cerebellar peduncle (Fig. 3F) . We presume this to be primarily a morphogenetic transformation, not a wholesale migration of neurons.
The iR-VO group comprised at E16.5 a dense cluster of neurons located primarily in the r2-derived and the caudal portion of the r1-derived domains, with a tail of cells extending into r3-derived territory (Fig. 3) . At early stages (E11.5), it had basically the same appearance: a coherent cell column starting near the application site in r1 and extending through r2, then dwindling to a few scattered cells in r3 (Figs. 4, 6) . The rhombomere-derived domain was therefore already established by E11.5 and maintained through E16.5. The axons of the iR-VO neurons could be followed in horizontal sections along the rostral wall of the fourth ventricle toward the MLF (Fig.  3A) , just as the axons of the iR-VO neurons do in the chicken embryo (Petursdottir, 1990; Glover and Petursdottir, 1991) . The iC-VO neurons lay caudal to the scattered cells in the tail of the iR-VO group at early stages. In the chicken embryo, the iC-VO neurons constitute a coherent group located caudal to the iR-VO group and separated from it by scattered neurons. In the mouse embryo, iC-VO neurons were scarce and loosely packed (on which grounds we did not define them as a group per se), located in r4 and extending through r5 and into r6 at E11.5 (Fig. 7) . With subsequent development, the number of retrogradely labeled iC-VO neurons decreased, such that by E16.5, iC-VO neurons could hardly be detected (Fig. 3) . In contrast, the scattered neurons in the "tail" of the iR-VO group, within the r3-derived domain, were still obvious at E16.5.
The cC-VO group was the most extensive rostrocaudally. At E11.5-E12.5, it consisted of a broad column of neurons extending from r5 at least as far as the caudal limit of r7 (Figs. 4, 8) . In its more lateral reaches, the group also extended into r4, a feature that was most evident at later stages (Figs. 3C, 8) A dense cluster of cC-VO neurons could be seen in the ventromedial portion of the r5-derived territory (Figs. 3 D, E, 4) . This cluster most likely corresponds to the interneurons of the abducens nucleus, a well defined component of the cC-VO group in the chicken (Glover, 2003) and an important relay in the control of horizontal eye movements in mammals (Baker and Highstein, 1975) .
To corroborate their placement in specific rhombomerederived domains, we took advantage of the known segmental distribution of other neuron populations that could be visualized in the same preparations. For example, the vestibulo-ocular labeling paradigm consistently labeled the rostrally projecting raphe neuron populations (Fig. 8) . Additional labeling experiments were also performed in which the vestibulo-ocular neuron groups and the trigeminal and facial motor nuclei, respectively, located at late stages in the r2/r3-and r6-derived domains, were labeled differentially with RDA and FDA (Fig. 9) . The locations of these motor nuclei, although located ventral to the vestibular neurons, supported the rhombomeric distributions of the vestibular neuron groups by being situated in the ventral portions of the corresponding wedge-shaped domains. Some of the vestibular projection groups had dense cell packing throughout their rostrocaudal extent, whereas others had more scattered cells at their rostral and/or caudal limits. The relationship of group domain to rhombomere boundaries was therefore sharper in some cases than others. To determine whether neurons had moved from one rhombomere-derived domain into another, labeled neurons present just outside of a genetically marked rhombomere-derived domain were assiduously examined for evidence of double labeling using confocal microscopy and spectral analysis. This was only relevant for the cR-VO and iR-VO groups in the r2::Cre;Hoxa2 EGFP(lox-neo-lox) mouse. The analysis showed unequivocally that no cR-VO neurons in the r1-derived domain and no iR-VO neurons in the r1-or r3-derived domain expressed EGFP, indicating that they did not derive from r2. Moreover, nearly all iR-VO neurons in the r2-derived domain were EGFP positive. Those few that were not may have been part of the minor proportion of Hoxa2-negative (and therefore EGFP-negative) cells normally seen in the r2::Cre;Hoxa2 EGFP(lox-neo-lox) mouse. Together, these findings Figure 6 . Relationship of the iR-VO group to rhombomere-derived domains as seen in parasagittal sections of r2::Cre;Hoxa2 EGFP(lox -neo-lox) mice (left) and Hoxa2 EGFP mice (right) at E11.5-E14.5. Yellow lines indicate expression domain boundaries that were clearly visible, and broken lines indicate less certain boundaries. Dorsal is up, and rostral is to the left. nV, Trigeminal nerve entry zone, which is devoid of EGFP expression. suggest that the minority of cR-VO and iR-VO neurons that lie outside the principal rhombomeric domain do not attain these positions by interrhombomeric migration but rather by either intrarhombomeric migration or a patterning event that is not exquisitely aligned with rhombomere boundaries.
Vestibulospinal groups
The vestibulospinal groups were only assessed at E16.5, primarily because at earlier stages, two of the three groups (the iMVST and cMVST groups) are not readily retrogradely labeled, and the third group (the LVST group) is difficult to distinguish from nearby neuron populations in the principal and spinal trigeminal nuclei and the nucleus of the solitary tract, which are retrogradely labeled from the same tracer application site (Auclair et al., 1999) .
The LVST group was located in the r3-, r4-, and r5-derived domains. Its rostral limit lay within the r3 domain, and its caudal limit lay at or near the r5/6 boundary. The cMVST group was located primarily in the r4-, r5-, and r6-derived domains, with a few cells in the very most caudal part of r3. Its rostral limit lay therefore near the r3/4 boundary, and its caudal limit lay within r6. The iMVST group was located only in the r6-derived domain (Fig. 3) .
The relationship between the longitudinal domains of vestibular projection neurons with different axon trajectories and the rhombomere-derived domains are summarized in Table 1 . This shows that there is no strict relationship between rhombomere of origin and axon projection phenotype. Rather, each of the clearly delimited rhombomeres (i.e., r2-r6) contains at least two and as many as four different projection phenotypes within the composite vestibular neuron population. In contrast, each rhombomere does exhibit a characteristic profile of vestibular projection phenotypes. Had we defined the LVST group as a separate category by virtue of its unique lateral axon trajectory, the diversity among the rhombomeres would be even greater, with ipsilateral caudal medial trajectories deriving only from the iMVST neurons in r6. Yet, despite the clear rostrocaudal diversity within the longitudinal column that contains the vestibular complex, only one projection phenotype (ipsilateral caudal medial) is unique to a single rhombomere. Moreover, only one phenotype (ipsilateral rostral) is even close to being segmentally iterated.
Discussion
This is the first study to map the segmental origins of a large complex of mammalian hindbrain nuclei at the level of functionally identifiable neuron groups. It is also one of few such studies in which the fate of well defined neuron groups has been assessed through successive stages of development. This is a general weakness in many earlier fate maps. Here we have attempted to rectify this weakness by following the pattern from the earliest stage that vestibular groups can be identified consistently (E11.5). Because the vestibular nuclear complex spans all the hindbrain neuromeres and encompasses diverse neuron groups involved in complex sensorimotor processing, it provides an ideal subject for addressing many questions regarding hindbrain Figure 8 . Relationship of the cC-VO group to rhombomere-derived domains as seen in parasagittal sections of r2::Cre;Hoxa2 EGFP(lox -neo-lox) mice (left) and Hoxa2 EGFP mice (right) at E11.5-E14.5. Yellow lines indicate expression domain boundaries that were clearly visible, and broken lines indicate less certain boundaries. Dorsal is up, and rostral is to the left. nVII, Facial nerve entry zone, which is devoid of EGFP expression. At E14.5, the cC-VO group is outlined. In the r2::Cre;Hoxa2 EGFP(lox -neo-lox) panel (left), the large arrow indicates a population of labeled neurons, probably rostrally projecting raphe neurons, located ventral to the domains that contain the vestibular projection neuron populations.
patterning. For example, are particular neuron types present in all rhombomeres, in an iterated pattern, as suggested by previous studies (Clarke and Lumsden, 1993) ? Do functional neuron groups derive from single or multiple rhombomeres? Are specific phenotypic characters generated in specific anteroposterior domains? To elucidate the segmental patterning of the vestibular nuclear complex, we have used a transgenic fate-mapping approach in which rhombomere-specific promoters or enhancer elements drive reporter genes. This permits visualization of rhombomere-derived domains well after the rhombomeres themselves have disappeared, at stages when specific vestibular projection neuron phenotypes can be labeled and identified. A similar approach has been used recently to assess the rostrocaudal origins of rhombic lip-derived neurons in the auditory nuclei of the mouse (Farago et al., 2006) .
Fidelity of rhombomeric domains revealed by Hoxa2 enhancer elements
The reporter gene expression patterns that are generated using the Hoxa2-associated enhancer elements define striped patterns in the hindbrain that resemble the original rhombomeres Ren et al., 2002 ) (data not shown). Because rhombomere development involves dynamic interactions among Hox and other genes (for review, see Glover et al., 2006) , and because cell movement across rhombomere boundaries is known to occur (Birgbauer and Fraser, 1994; Wingate and Lumsden, 1996) , an important question is whether the striped Hox gene expression patterns faithfully represent the rhombomere-derived domains throughout development. For example, expansion or shrinkage of expression territories or any interrhombomeric cell movement could compromise the precision of this representation.
The segmental precision of gene expression is difficult to test, because the transience of rhombomeres precludes their use as independent morphological landmarks at later stages when most neurons have differentiated sufficiently to be identified. Nevertheless, it is clear on comparison with previous studies that the striped expression patterns we observe from E11.5 to E16.5 are essentially identical to those seen at earlier stages, when they neatly delineate the still visible rhombomeres (Fig. 4) . We also obtain consistent results using three different reporter gene contexts that provide complementary expression domains. Thus, despite inherent difficulties in assessing the precise relationship between their expression patterns and the actual rhombomere-derived domains, the transgenic lines used here provide useful tools for the anteroposterior fate mapping of hindbrain neuron populations. In combination with similar fate mapping based on dorsoventral progenitor domains, a complete fate map of the mammalian hindbrain can be envisioned. The use of Cre/Flp double conditional transgenic models provides a powerful combinatorial approach that will undoubtedly accelerate such analyses (Farago et al., 2006) .
Interrhombomeric migration is not a major determinant of vestibular neuron domains
Interrhombomeric cell movement clearly does occur, as shown by cells that stream from genetically marked rhombomeres into adjacent, unmarked rhombomeres (Figs. 2, 3) . In addition, several studies have demonstrated pronounced rostrocaudal peregrinations by neuron populations. For example, cells derived from the rhombic lip of r6 -r8 give rise to an anterior migratory stream that traverses several rhombomeres to populate the pontine nuclei (Farago et al., 2006) , and facial branchial motoneurons migrate caudally from their origin in r4 to settle in r6 (Muller et al., 2003) . In quail-chicken chimeras, Marin and Puelles (1995) reported the migration of small proportions of vestibular neurons from their rhombomere of origin into the neighboring rhombomere. In contrast, we did not observe any obvious interrhombomeric cell movement within the vestibular region, although we cannot rule out minor interrhombomeric movements. Thus, it appears unlikely that the vestibular projection neuron populations attain their rhombomeric domains through large-scale migration. Rather, because the domains are essentially established already by E11.5, it seems probable that they represent the sites where the neuron groups are generated. Could migration have occurred before E11.5? Based on birthdating studies in the rat embryo (Altman and Bayer, 1980) , and given the general 1.5 d shift in developmental stage between mouse and rat, it can be estimated that the vast majority of vestibular neurons are generated between E10.5 and E11.5 in the mouse. Thus, if migration plays a significant role, it must occur quite soon after the neurons are born and be much more rapid than that of facial branchial motoneurons, which use ϳ2 d to migrate from r4 to r6 (Muller et al., 2003) . On the whole, it seems most likely that the consistent rhombomeric patterns seen from E11.5 to E16.5 represent the sites of vestibular neuron generation rather than patterns of migratory settlement.
The role of segmental patterning in establishing functionally identifiable vestibular neuron groups Given that migration is not a major determinant of the rostrocaudal patterning of these vestibular projection neuron groups, and given that the groups' domains are related to specific rhombomes, it is important to ask whether the pattern is indeed caused by the segmentation that creates the rhombomeres. Our results suggest that these groups typically derive from domains that are not uniquely defined by rhombomere boundaries, but rather overlap partially a portion of a neighboring rhombomere. This has been observed previously for the vestibular neuron groups in the chicken embryo (Díaz et al., 1998) , and more recently in specific cranial motoneuron nuclei in the lamprey (Murakami et al., 2004) . By extension, such overlap suggests that the actual determinants of these neuron groups are expressed in rostrocaudal domains that are not perfectly aligned with the rhombomeres, although it remains to be tested whether restriction to a portion of a rhombomere represents migratory relocation from an initial full rhombomeric domain. Partial domains would not necessarily contradict the general concept of rhombomere-restricted gene expression, because some rhombomeric expression patterns are attained gradually under the control of dynamic sources of signaling molecules such as retinoic acid (for review, see Glover et al., 2006) . The locations of specific vestibular neuron groups could thus arise from a dynamic pattern of determinants that leave nonaligned traces (neuron groups) as they approach their ultimately segmentally aligned domains (for discussion, see Glover, 2001) .
We also observe that each rhombomere contains a unique set of vestibular projection neuron phenotypes ( Table 1 ), suggesting that differentially distributed rostrocaudal determinants assign different fates within functionally related longitudinal neuron columns. At least part of this rostrocaudal diversity may potentially be traced to the specification of neuronal progenitors, as is the case for the r4-specific switch from serotonergic neuron fate to visceral motoneuron fate in a specific population of ventral progenitors (Pattyn et al., 2003) . Thus, rostrocaudal diversity, synonymous with segmental diversity if correlated exquisitely to the rhombomeres, is likely to be an early event during neurogenesis, rather than being imposed on a segmentally iterated pattern by later factors such as regressive changes or interactions with ingrowing afferents (cf. Clarke and Lumsden, 1993) .
Functional and anatomical relationships: hodology versus cytoarchitectonics
As assessed directly in the chicken embryo previously , the vestibulo-ocular and vestibulospinal neuron groups defined by axon projection pathway (hodology) are with only one exception non-overlapping (a few contralaterally projecting vestibular neurons with bifurcating axons belong to both the cC-VO and cMVST groups). Together, they generate a spatial mosaic of neuron groups (the "hodological mosaic") that differs from the classical vestibular nuclei defined by cytoarchitectonics. Other vestibular neuron classes that have not been assessed here include vestibulocerebellar [which have been analyzed in the chicken embryo by ], intrinsic commissural, vestibuloreticular, and vestibulothalamic neurons. Nor have neurons that project to the abducens nucleus been assessed because of the technical difficulty of labeling these retrogradely from the nearby abducens nucleus, although in the chicken embryo, some of the cMVST neurons extend axon collaterals into the abducens nucleus as they project to the spinal cord (Glover, unpublished observations) . A complete account of the hodological mosaic will require a description of these neurons and their spatial relationships within the vestibular complex.
The relationship between the hodologically defined vestibulospinal and vestibulo-ocular groups and the classic vestibular nuclei has been investigated thoroughly in the chicken embryo . Based on this study and a comparison with the existing literature on the mammalian vestibular nuclei, tentative relationships can be proposed for the mouse, as shown in Table 2 . An important feature is that a given hodological group may overlap several classical nuclei or, in contrast, be restricted to a subdomain of a classical nucleus. The chicken LVST group, for example, overlaps several classical nuclei and as a result is heterogeneous with respect to cytoarchitecture despite being homogeneous with respect to axon projection . The chicken iR-VO group, in contrast, is located centrally within the superior nucleus and is homogeneous both in cytoarchitecture and in axon projection , as well as in putative neurotransmitter phenotype, because it contains predominantly GABA-positive neurons (Glover, 2000) . Another important feature is that, for the vestibulo-ocular groups, synaptic connections as deduced from anterograde labeling follow a system in which each group drives a pair of ocular motoneuron pools that function synergistically within the context of vestibulo-ocular reflexes (Jansen, 1991; Glover, 2000 Glover, , 2003 . The iR-VO group, for example, innervates the superior oblique (trochlear) and inferior rectus (oculomotor) motoneurons on the ipsilateral side, which because of the crossing of the trochlear nerve innervate the corresponding muscles in opposite eyes, consistent with a synergistic effect of these muscles in conjugated eye movements. The functional significance of the hodologically defined vestibular neuron groups therefore derives from their evidently unique patterns of synaptic connections. This implies a direct link between the developmental patterning inherent in the fate map described here and functional connectivity (Glover, 2000; Díaz and Puelles, 2002) .
Clearly, additional work is required to extend the tentative relationships proposed for the mouse in Table 2 to a complete account of the functional neuroanatomy of the mammalian vestibular system in which hodology, cytoarchitectonics, and synaptic connections are integrated.
Evolutionary conservation and divergence in the rhombomeric pattern
We chose E16.5 as the developmental end point in the mouse specifically because it is comparable to the day 11 chicken embryo, in which we have fate mapped the vestibular complex using the chicken/quail chimera approach (Díaz et al., 1998; . We find an overall correspondence in the rhombomeric pattern of the same vestibular group domains in mouse and chicken embryos (Fig. 11) . The only major exceptions are the LVST group, which appears to have a more extensive rostrocaudal extent in the mouse than in the chicken, and the iC-VO group, which never appears as a well defined group and eventually disappears in the mouse, either through cell death or retraction of axons. Although the functional implications of these differences are not clear, they may have evolved to tailor the vestibular system to fit the behavioral repertoires of rodents and birds, which use different modes of locomotion and differ in their patterns of head-eye and head-body coordination. Better functional characterization of these groups should shed light on this issue. That the basic pattern seen in both mouse and chicken represents a more ancient blueprint that has been modified in different vertebrate lineages is supported by the existence of similar but not identical rhombomeric patterns in fish and amphibians (Suwa et al., 1996; Straka et al., 2001 ; for review, see Díaz and Glover, 2002) .
General summary
This study demonstrates the general utility of the transgenic approach to fate mapping and lays an important foundation for an important further development. By establishing the anteroposterior and dorsoventral domains from which specific functional neuron groups derive, it will be possible to use combinatorial conditional transgenics to target genetic manipulations to specific groups. Here we see that targeting manipulations to individual rhombomeres can single out specific vestibular neuron groups in a functional context. For example, a manipulation targeted to r2 would affect almost exclusively the iR-VO group in the context of vestibulo-ocular function, and a manipulation targeted to r6 would affect almost exclusively the iMVST group in the context of vestibulospinal function. This and future transgenic fate maps thereby facilitate a powerful genetic approach to the selective functional manipulation of neural circuits in this part of the brain. Figure 11. Comparison of vestibular projection neuron fate maps in the chicken and mouse embryos. The chicken fate map is as reported by Díaz et al. (1998) .
